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Figure  1.  SEM  data  for  the  standard  Klarite  substrate  as  shown  at  two  different 

magnifications.  In  (a)  the  active  area  is  shown  with  the  features  and  inactive  area  appears 
smooth.  In  (b)  a  higher  magnification  SEM  image  of  the  “inverted  pyramid”  features  of 
the  substrate  are  shown . 5 

Figure  2.  Images  of  fabricated  substrate  at  different  magnifications  as  viewed  through 
various  microscopes.  In  (a)  the  SERS  active  portion  of  the  chip  is  circled  in  white  as 
viewed  with  a  microscope.  In  (b)  a  larger  magnification  of  the  SERS  active  portion  of  the 
substrate  is  shown  as  viewed  with  a  microscope.  In  (c)  and  (d)  the  SERS  active  area  of 
the  fabricated  substrate  is  viewed  via  SEM  under  increasing  magnification . 6 

Figure  3  Photographs  of  (a)  JetLab  4  drop-on-demand  inkjet  printing  platform;  (b)  dispensing 
device  and  ink  solution  encasement;  and  (c)  print  head  assembly.  In  (d)  graphic  and 
photograph  images  of  drop  and  dry  sample  deposition  demonstrating  coffee  ring  effect, 


and  in  (e)  a  SEM  image  and  photograph  of  a  microdroplet  array  demonstrating  even 
sample  deposition . 8 

Figure  4.  In  (a)  typical  absorbance  data  for  AN  demonstrating  an  absorbance  band  peak 
centered  at  303  nm  is  shown,  in  (b)  a  calibration  curve  for  AN  demonstrating  an 
excellent  R2  value  of  0.9995  is  shown . 9 

Figure  5.  Example  SEM  image  of  a  typical  AN  sample  as  deposited  onto  a  surface.  Notice 

the  dome  shape  of  the  AN  material  in  this  image . 10 


Figure  6.  In  (a  an  example  printing  of  AN  across  a  commercially  available  SERS  substrate  is 
shown.  The  dark  spots  are  the  printed  AN,  the  lighter  surface  area  is  the  SERS  active 
Klarite  surface.  In  (b)  the  active  and  non  active  SERS  surface  are  shown.  In  (c)  a  higher 
resolution  image  a  typical  uniform  AN  droplet  across  the  features  of  the  SERS  substrate 
is  shown.  In  (d)  the  fabricated  SERS  substrate  is  shown.  In  (e)  the  SERS  active  and  non 
SERS  active  portions  of  the  substrate  are  shown.  The  image  in  (f)  shows  a  single  AN 


droplet  across  the  fabricated  substrate . 11 

Figure  7.  (a)  The  main  AN  band  located  at  1048  cm”1  for  the  SERS  and  Raman  data  and 

(b)  S/N  ratios  for  AN  deposited  at  concentrations  of  1,  5,  and  10  pg/cm2 . 12 

Figure  8.  (a)  An  example  of  shifting  main  AN  NO  3"  band  (normalized)  and  (b)  several 


example  SERS  spectrum  from  ammonium  nitrate  at  varying  concentrations  as  collected 
on  the  Klarite  substrate.  The  location  of  the  main  AN  bands  changes,  indicating  a 
difference  in  phase  with  a  change  in  material  concentration  from  bulk  to  non-bulk 
material . 13 

Figure.  9.  SERS  and  Raman  spectra  from  AN  sample  inkjetted  onto  substrates.  The  Klarite 
(a)  SERS  and  (b)  Raman  response  is  shown  with  a  main  AN  band  located  at  1048  cm”1. 

The  fabricated  substrate  has  (c)  SERS  and  (d)  Raman  bands  located  at  1044  cm”1.  The 
difference  in  band  location  may  in  part  be  attributed  to  physical  and  chemical 
interactions  between  the  AN  and  the  surface . 14 
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1.  Introduction 


1.1  Objective 

Sensitive,  accurate,  and  reliable  methods  are  needed  to  detect  and  identify  chemical  explosive 
hazards.  An  analyte  of  particular  interest  to  the  U.S.  Army  and  first  responder  community  is 
ammonium  nitrate  (AN).  This  material  has  many  practical  applications  in  agriculture;  however, 
it  is  also  extensively  used  in  the  manufacture  of  industrial  explosives.  Unfortunately,  it  is  also 
becoming  a  regularly  used  component  of  fertilizer  bombs  or  improvised  explosive  devices 
(IEDs)  seen  throughout  the  world.  One  tragic  example  of  terrorist  use  of  AN  occurred  in  the 
attack  in  the  U.S.  in  1995  with  the  bombing  of  the  Alfred  P.  Murrah  Federal  Building  in 
downtown  Oklahoma  City  ( 1 ).  Since  then,  the  use  of  AN  by  terrorist  groups  and  the  resulting 
devastation  from  material  detonation,  has  continued  to  challenge  military  and  law  enforcement 
personnel  both  at  home  and  abroad.  In  2012,  USA  Today  reported  (2)  that  in  Afghanistan  the 
“number  of  improvised  explosive  devices  that  were  cleared  or  detonated  rose  to  16,554  from 
15,225,  an  increase  of  9 %.”  With  the  evident  increase  in  IEDs  and  easily  obtained  and  prevalent 
supply  of  AN  in  agricultural  areas,  the  U.S.  Army  and  first  responder  community  are 
increasingly  focusing  efforts  on  energetic  materials  detection  and  identification  (3-11).  To 
combat  this  growing  threat,  several  optically  based  hazard  detection  systems  are  being  evaluated 
for  fielded  applications  aiming  to  provide  rapid  detection  and  identification  of  bulk  and  trace 
concentrations  of  hazardous  materials  (12). 

Of  the  many  available  techniques  researched  for  energetic  and  hazardous  materials  detection, 
Raman  and  Raman-based  technologies  are  gaining  attention  (13-27).  These  techniques  are 
increasingly  being  used  to  address  the  outstanding  need  and  challenge  for  rapid  sensitive  and 
accurate  detection,  identification,  and  quantification  of  chemical,  biological,  and  energetic 
hazards  in  many  fields  of  interest  (e.g.,  medical,  environmental,  industrial,  and  defense 
applications)  (28).  In  particular,  there  has  been  a  push  to  detect  trace  levels  of  hazardous 
materials  left  behind  on  common  items  like  hair,  clothes,  and  even  fingerprints  (29-34).  One 
Raman-based  detection  method  that  is  gaining  significant  popularity  for  meeting  these 
sensitivity  needs  is  surface  enhanced  Raman  scattering  (SERS)  (35-37). 

1.2  Surface  Enhanced  Raman  Scattering  (SERS) 

SERS -based  techniques  and  platforms  combine  traditional  spectroscopy  with  trace  level 
detection  capabilities.  SERS  is  a  particularly  advantageous  and  appropriate  hazard  detection 
technique  as  it  does  not  suffer  from  interferences  from  water,  requires  little  to  no  sample 
preparation,  is  robust  and  can  be  used  in  numerous  environments,  is  relatively  insensitive  to  the 
wavelength  of  excitation  employed,  and  produces  a  narrowband  spectral  signature  unique  to  the 
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molecular  vibrations  of  the  analyte.  Since  the  discovery  of  SERS  in  the  1970s,  it  has  been 
experimentally  shown  that,  compared  to  spontaneous  Raman,  SERS  signal  enhancements  of  up 
to  14  orders  of  magnitude  are  observed  on  metalized  (typically  silver  or  gold)  nanoscale 
roughened  surfaces  (38-41). 

Because  of  the  many  sensing  advantages  of  SERS -based  techniques,  significant  research  efforts 
have  been  directed  toward  developing  SERS  substrates  for  SERS -based  sensor  platforms  (42- 
51).  There  are  numerous  examples  in  the  literature  on  how  varying  the  substrate  architecture 
(e.g.,  geometry,  feature  spacing  and  height,  metal  used)  can  result  in  very  dramatic  changes  to 
the  overall  SERS  enhancing  capabilities  of  the  substrate  surface.  Furthermore,  research 
(university  and  industry)  continues  to  push  towards  the  development  of  a  uniform,  reproducible, 
mass-produced  product  necessary  to  facilitate  widespread  incorporation  of  SERS  in  viable 
sensing  platforms.  An  example  of  a  fabricated  SERS  substrate  was  investigated  under  a 
Presidential  Early  Career  Award  for  Scientists  and  Engineers  (PECASE)  Army  Research  Office 
(ARO)  award  W91  INF-09-1-0101.  These  substrates  have  been  previously  described  (52-54). 
Generally,  these  substrates  are  fabricated  using  a  simple  one-step  direct  imprinting  process, 
thus,  creating  a  porous  gold  grating  film  that  has  previously  been  shown  to  contribute  to  a  SERS 
enhancement  (54).  Some  success  fabricating  both  spectrally  and  physically  reproducible  SERS 
substrates  has  been  demonstrated  with  commercially  available  standard  Klarite®  substrates 
(Renishaw  Diagnostics)  (55-59).  These  substrates  were  developed  using  silicon-based 
semiconductor  fabrication  techniques  (59).  Klarite  substrates  consist  of  an  array  of  highly 
reproducible  inverted  pyramid  features  (59),  which  have  “hot  spots”  or  “trapped  plasmons” 
located  inside  the  wells  (59).  Such  substrates  have  been  previously  characterized  (60). 

1.3  Polymorphic  Phase  Material 

In  the  current  work,  AN  is  uniformly  deposited  onto  both  standard  commercial  and  fabricated 
SERS  substrates  using  a  standardized  drop-on-demand  inkjet  methodology  demonstrated  at  the 
U.S.  Army  Research  Laboratory  (ARL)  (61).  AN  is  an  important  fertilizer  and  has  also  shown 
to  be  a  powerful  component  of  homemade  explosives  (HMEs)  and  IEDs.  Therefore,  a  great  deal 
of  research  has  been  focused  on  better  understanding  not  only  its  kinetic  properties,  but  also 
means  of  detecting  this  material.  It  has  been  shown  that  when  sample  concentrations  are 
deposited  on  a  surface,  in  some  cases,  the  polymorphic  state  of  a  material  can  be  altered  by  the 
solvent  deposition  process  or  even  the  analyte  pretreatment  steps  (61).  Specifically,  when  a 
material  can  exist  in  multiple  polymorphic  phases,  the  phase  that  is  formed  after  solvent 
evaporation  can  depend  on  factors  such  as  the  nature  of  the  particular  solvent  used,  the 
concentration  of  the  deposited  solution,  the  evaporation  rate  of  the  solvent,  the  substrate  surface 
structure  onto  which  the  material  is  deposited,  or  even  the  heating  and  cooling  cycles  employed 
during  drying  (62).  AN  is  a  material  that  demonstrates  several  polymorphic  phases  (63-73). 
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AN,  chemically,  NH4NO3.  is  typically  observed  to  be  a  white  crystalline  solid  under  standard 
conditions.  Saying  that,  AN  is  a  polymorphic  salt  with  five  different  known  phase  structures 
observed  under  certain  conditions  (68,  69,  71-76).  The  observed  phases  of  AN  are  designated  I 
through  V.  Under  standard  conditions,  phase  IV  is  considered  the  most  stable.  However,  when 
catalyzing  solvents  are  present,  AN  can  transition  from  phase  IV  to  phase  III.  Under  standard 
conditions,  phase  IV  is  orthorhombic  and  has  two  formula  units  per  cell.  Phase  III  is  also 
orthorhombic,  but  has  four  formula  units  per  cell  (69).  Phase  transition  from  IV  to  III  results  in 
swelling  of  the  AN  due  to  a  4%  increase  in  unit  cell  volume  (77),  and  thus  an  increase  in 
porosity  and  explosive  potential  of  fertilizer  granules.  At  room  temperatures,  AN  phase  IV  to  III 
transition  can  undergo  an  intermediary  very  similar  to  phase  II.  When  phase  transitions  for  AN 
are  observed  with  Raman,  the  bands  typically  associated  with  symmetric  stretch  mode  of  NO3' 
(21,  78)  shift  from  phase  II  at  1050  cm-1,  phase  III  at  1048  cm-1,  and  phase  IV  at 
1044  cm"1. 

There  have  been  several  reports  in  the  literature  discussing  the  phase  transitions  observed  in  AN 
and  attempts  to  describe  the  causes  and  mechanisms  for  these  transitions.  Some  results  suggest 
water  content  and  thermal  history  may  play  a  part  in  the  types  of  transitions  observed;  however, 
some  incongruous  reports  also  suggest  there  might  be  other  factors  at  play  (6,  7,  21,  22,  24,  63, 
64,  67-75,  77,  79,  80).  In  1995,  Davey  et  al.  reported  that  the  IV  to  III  transition  observed  is 
mainly  due  to  the  solubility  of  AN  (79,  81).  Specifically,  they  demonstrated  that  kinetically 
measured  characteristics  of  the  IV  to  III  phase  transition  are  related  in  magnitude  to  solution 
mediated  processes  like  solubility,  diffusion,  and  crystal  growth.  During  the  phase  transition 
from  IV  to  III  in  solution,  a  disordered  interface  results  when  the  AN  recrystalizes  by  dissolving 
and  then  reforming  new  domains.  This  new  domain  results  in  an  interphase  layer  that  forms  at 
the  surface  during  the  nucleation  process  and  interacts  with  the  crystal  surface  during  transition. 
These  interphase  layers  have  been  shown  to  demonstrate  distinct  and  distinguishable  Raman 
signatures  (24,  63,  69).  In  other  studies  of  transition  mechanisms,  it  has  been  suggested  that  the 
main  differences  observed  in  the  transition  paths  of  AN  can  be  attributed  to  the  degree  of 
freedom  of  the  two  sets  of  ions.  Specifically,  AN  ions  reorient  freely  in  phases  III  and  II,  but  in 
phase  IV  ions  are  fixed  in  orientation.  In  an  article  published  in  1993,  Harju  and  Valkonen  (80) 
reported  results  studying  the  effects  of  cooling  and  drying  times  on  AN  phases  observed.  They 
concluded  that  when  samples  are  cooled  slowly,  the  ions  are  able  to  orient  themselves  in  the 
most  energetically  favored  orientation  (phase  IV)  and  therefore  form  strong  bonds.  In  contrast, 
when  rapid  cooling  occurs,  time  for  perfect  ordering  is  not  achieved  and  instead  disordered 
crystals  (phase  III)  are  observed.  Phase  IV  is  characterized  as  having  both  ordered  nitrate  and 
ammonium  ions,  III  contains  ordered  nitrate  and  locally  ordered  ammonium  ions,  and  phase  II 
contains  locally  disordered  nitrate  and  ammonium  ions.  They  also  concluded  that  drying  moist 
samples  resulted  in  a  phase  IV  to  III  dominant  transition. 
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With  the  considerable  examples  of  different  phase  transitions  being  observed  dependent  on 
sample  treatment  methods  employed,  understanding  how  real-world  sample  fabrication 
processes  may  impact  AN  phases  produced  and  ultimately  impact  standoff  hazard  detection 
system  evaluations  need  to  be  investigated.  To  investigate  this  phenomenon,  AN  was  inkjetted 
onto  Klarite  and  fabricated  SERS  substrates.  The  sample  phases  were  determined  by  collecting 
SERS  spectra  from  the  bands  in  the  1043-1050  cm  1  region  that  correspond  with  the  symmetric 
stretch  mode  of  NO3'  (21,  78).  From  these  experiments,  some  conclusions  regarding  how 
substrate  type  may  impact  AN  phase  observed  are  discussed. 


2.  Experimental 


2.1  Reagents  and  Materials 

AN,  methanol,  ethanol,  and  distilled  water  were  obtained  from  Sigma-Aldrich.  All  AN  inkjet 
solutions  were  prepared  at  various  concentrations  in  solvents  of  water,  methanol,  or  a  mixture  of 
these  solvents.  All  solvents  used  were  high  performance  liquid  chromatography  (HPLC)  grade. 
All  chemicals  were  used  as  received  unless  otherwise  noted. 

2.2  SERS  Substrates 

Commercially  available  slide  mounted  standard  Klarite  (302)  SERS  substrates  were  purchased 
from  Renishaw  Diagnostics.  These  substrates  consist  of  a  smooth  border  and  a  SERS-active 
patterned  grid  area.  Both  surfaces  are  gold-coated.  The  Klarite  smooth  border  was  used  for 
collecting  all  Raman  measurements,  and  the  patterned  grid  area  for  collecting  SERS 
measurements.  To  protect  against  environmental  and  shipping  hazards,  each  substrate  is  placed 
in  a  separate  holder  enclosed  within  an  opaque  vacuum-sealed  pouch  before  shipping.  Just  prior 
to  use,  each  substrate  was  removed  from  the  vacuum-sealed  pouch  and  holder.  The  substrate 
was  submerged  in  ethanol  to  remove  any  possible  contamination  that  may  have  accumulated  on 
the  surface.  Figure  1  shows  example  scanning  electron  microscopy  (SEM)  images  of  typical 
standard  Klarite  SERS  substrates.  The  substrates  were  used  as  received.  For  the  purpose  of  this 
technical  report,  overall  SERS  enhancement  is  not  discussed,  instead  this  substrate  is  being  used 
to  investigate  the  AN  phase  response  on  a  SERS  surface  as  compared  to  the  commercially 
available  SERS  substrate. 
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Figure  1.  SEM  data  for  the  standard  Klarite  substrate  as  shown  at  two  different  magnifications.  In  (a)  the  active 
area  is  shown  with  the  features  and  inactive  area  appears  smooth.  In  (b)  a  higher  magnification  SEM 
image  of  the  “inverted  pyramid"  features  of  the  substrate  are  shown. 

2.3  Fabricated  SERS  Substrates 

The  samples  provided  to  ARL  each  contained  two  1-mm'  areas  of  patterned  nanoporous  gold 
(P-NPG).  The  pattern  was  fabricated  by  direct  imprinting  of  porous  substrates  (DIPS)  wherein  a 
silicon  stamp  is  pressed  onto  the  nanoporous  gold  at  a  pressure  of  -300  N/mm'.  The  patterns 
were  designed  to  efficiently  activate  surface  plasmon  resonances  without  the  need  to  search  for 
hot  spots.  As  mentioned,  overall  SERS  enhancement  is  not  discussed,  instead  this  substrate  is 
being  used  to  investigate  the  AN  phase  response  on  a  SERS  surface  as  compared  to  the 
fabricated  substrate.  In  figure  2,  two  microscope  images  (A  and  B)  are  shown  at  different 
magnification  highlighting  the  SERS  active  portion  of  the  substrate,  in  (C)  and  (D)  SEM  images 
of  the  actual  active  area  structures  are  shown  at  different  magnifications. 
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Figure  2.  Images  of  fabricated  substrate  at  different  magnifications  as  viewed  through 
various  microscopes.  In  (a)  the  SERS  active  portion  of  the  chip  is  circled  in 
white  as  viewed  with  a  microscope.  In  (b)  a  larger  magnification  of  the  SERS 
active  portion  of  the  substrate  is  shown  as  viewed  with  a  microscope.  In  (c) 
and  (d)  the  SERS  active  area  of  the  fabricated  substrate  is  viewed  via  SEM 
under  increasing  magnification. 

2.4  Scanning  Electron  Microscope 

SEM  images  was  obtained  using  a  FEI  environmental  SEM  (Quanta  200  FEG). 

2.5  SERS  Measurements 

SERS  data  were  recorded  using  a  Renishaw  inVia  Reflex  Raman  microscope  equipped  with  a 
near-infrared  diode  laser  excitation  source  (A,  =  785  nm).  The  light  from  the  diode  was  focused 
onto  the  samples  at  the  microscope  stage  through  a  5x  objective.  A  5x  or  20x  objective  was 
used  for  all  measurements  unless  otherwise  noted.  Dispersion  and  resolution  of  the  Renishaw 
vary  with  wavelength,  but  are  typically  1cm1,  decreasing  to  0.5  cm  1  for  certain  gratings  and 
wavelengths.  Prior  to  coupling  into  the  microscope,  the  diode  laser  beam  was  circularized  by 
inserting  a  pinhole  into  the  optical  beam  path  and  neutral  density  filters  were  used  resulting  in 
reduction  of  the  maximum  available  laser  power  to  7  mW.  Samples  at  the  microscope  stage 
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were  positioned  remotely  with  a  joystick  using  an  encoded,  motorized  XYZ  translation  stage 
(0.1-pm  step  size)  controlled  by  a  Prior  Scientific  ProScan  II  controller.  WiRE  3.2  software, 
operating  on  a  bench-top  computer,  was  used  for  instrument  control  and  data  collection.  Before 
all  measurements,  the  instrument  was  wavelength  calibrated  using  an  internal  silicon  standard. 
Data  analysis  was  completed  using  IgorPro  6.0  software  (Wavemetrics)  (82). 

2.6  MicroFab  Technologies  Printer 

Materials  were  produced  using  a  JetLab®  4  (MicroFab  Technologies)  tabletop  printing  platform 
and  have  been  previously  documented  (S3).  Briefly,  the  JetLab®  4  is  a  drop-on-demand  inkjet 
printing  system  with  drop  ejection  drive  electronics  (JetDrive™  III),  pressure  control,  a  drop 
visualization  system,  and  precision  X,  Y,  Z  motion  control  (figure  3).  The  dispensing  device 
(print  head  assembly,  MJ-AL-01-060)  consists  of  a  glass  capillary  tube,  with  a  60-pm-diameter 
orifice  coupled  to  a  piezoelectric  element.  Voltage  pulses  (20-25  V;  rise  time  1  ps;  dwell  time 
28-32  ps;  fall  time  1  ps)  applied  to  the  piezo  result  in  pressure  fluctuations  around  the  capillary. 
These  pressure  oscillations  propagate  through  the  printing  fluid  in  the  tube,  resulting  in  ejection 
of  a  microdrop.  Drops  are  visualized  using  synchronized  strobe  illumination  and  a  charge- 
coupled  device  (CCD)  camera.  Determining  optimal  jetting  parameters  is  a  trial-and-error 
process.  Stable  droplet  ejection  is  achieved  by  visually  observing  expelled  microdrops  and 
adjusting  voltage  pulse  parameters  and  capillary  fluid  backfill  pressure.  Conditions  that  provide 
the  highest  drop  velocity  without  satellite  droplet  formation  are  desired.  Printing  was  performed 
at  a  frequency  of  250  Hz  with  a  droplet  velocity  of  ~2  m/s.  Drop  diameter  was  estimated  to  be 
-60  pm,  based  on  the  capillary  orifice  diameter.  During  printing,  a  single  substrate  was  placed 
on  the  sample  stage.  The  print  head  remained  fixed  at  a  specified  height  while  the  stage  moved 
to  print  a  specified  pattern.  A  rectangular  array,  which  covers  a  rectangular  area  with  rows  of 
equidistant  points,  was  pre-programmed  based  on  the  substrate  size  and  desired  sample 
concentration.  An  array  pattern  was  chosen  for  the  purpose  of  creating  the  effect  of  a 
homogeneous  coating  for  optical  interrogation.  Depending  on  the  desired  concentration  per  unit 
area  (e.g.,  pg/cm“),  the  total  number  of  drops  needed  to  achieve  the  desired  concentration  in  that 
area  was  calculated  based  on  the  mass  of  a  single  microdrop.  Based  on  the  number  of  total 
drops  needed,  the  array  spacing  and  drops  needed  per  line  can  be  calculated.  These  values  are 
easily  adjusted  depending  on  concentration.  Arrays  were  printed  using  the  print  on-the-fly 
mode.  In  this  mode,  the  stage  moves  continuously  as  a  single  microdrop  is  dispensed  at  each 
array  element.  Print  on-the-fly  mode  improves  sample  throughput.  Fingerprints  were  also 
printed  from  an  image  and  separately  calibrated. 

Concentrations  of  deposited  materials  have  been  validated  using  a  secondary  ultraviolet  (UV)- 
visible  (Vis)  measurement.  This  method  has  been  previously  documented  and  typically  has  R“ 
values  above  0.998  and  relative  standard  deviations  (RSDs)  of  <3%  or  better  (83,  84). 
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For  these  experiments,  AN  was  drop-on-demand  deposited  onto  both  the  commercially 
available  and  fabricated  SERS  substrates  at  the  same  time  under  the  same  conditions.  Therefore, 
any  changes  observed  in  the  AN  phase  structure  are  directly  related  to  the  interactions  (chemical 
or  physical)  of  the  AN  with  the  SERS  substrate  surface  and  are  not  attributed  to  any 
change/deviations  in  methodology. 


Figure  3  Photographs  of  (a)  JetLab  4  drop-on-demand  inkjet  printing  platform;  (b)  dispensing  device  and  ink 

solution  encasement;  and  (c)  print  head  assembly.  In  fd)  graphic  and  photograph  images  of  drop  and  dry 
sample  deposition  demonstrating  coffee  ring  effect,  and  in  (e)  a  SEM  image  and  photograph  of  a 
microdroplet  array  demonstrating  even  sample  deposition. 


3.  Results  and  Discussion 


When  inkjetting  energetic  samples,  the  desired  analyte  is  suspended  in  a  solvent  that  is  printed 
and  allowed  to  dry  on  the  coupon  surface  (drying  in  a  low-heat  oven).  AN  is  known  to  exhibit 
multiple  polymorphic  states,  therefore  understanding  the  nature  of  phases  fabricated  on  a 
printed  coupon  surface  is  necessary  to  better  use  these  reliable  test  standards  in  detection  system 
evaluation.  To  accomplish  these  goals,  a  series  of  experiments  were  conducted  that 
(1)  established  the  ability  to  reproducibly  print  known  quantities  of  sample  by  effectively 
calibrating  a  single  droplet  of  analyte,  (2)  demonstrated  the  ability  to  collect  both  Raman  and 
SERS  data  from  printed  samples,  and  (3)  demonstrated  how  changes  to  underlying  substrate 
may  impact  overall  AN  phases  observed. 

3.1  AN  Deposition 

Accurate  deposition  of  a  known  concentration  of  analyte  is  necessary  to  ensure  the  testing 
standards  fabricated  are  able  to  properly  represent  the  expected  concentration.  To  determine  the 
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exact  mass  per  drop  of  the  AN  deposited  onto  the  SERS  substrate,  it  was  first  necessary  to 
create  and  calibrate  the  mass  per  droplet  jetted  into  a  known  volume  of  solution.  To  assess  the 
amount  of  AN  in  the  jetted  sample,  absorbance  measurements  were  collected.  Absorbance 
measurements  were  collected  using  the  AN  absorbance  band  located  at  303  nm,  and  collecting 
an  overall  peak  area.  Figure  4a  shows  a  typical  absorbance  plot.  Known  numbers  of  droplets 
were  jetted  into  solution,  and  the  resulting  absorbance  measurements  collected.  From  these  data, 
an  example  calibration  curve  fabricated  from  seven  measurements  is  plotted  (figure  4b).  This 
calibration  plot  has  a  linear  fit  line  matching  the  equation  y=222.28x+0.0043,  and  an  R“  value 
of  0.9995  indicating  an  excellent  goodness  of  fit.  From  these  data,  the  mass  per  droplet  was 
found  to  be  approximately  8.31  xl0“4  pg/drop,  with  a  RSD  value  of  1.84%  between  multiple 
measurements  of  the  same  amount  deposited.  This  is  a  good  measure  of  fit,  and  we  believe  any 
changes  in  the  mass  between  multiple  runs  are  strictly  due  to  evaporation  of  the  solvent  during 
deposition.  Using  this  technique,  the  AN  solutions  of  1.20M,  0.10M,  and  0.010M  were  similarly 
calibrated  (data  not  shown).  From  these  example  calibration  curves  and  others  repeated  for 
different  analyte  solutions  (83,  84),  ARE  has  demonstrated  a  continuous  ability  to  reproducibly 
and  accurately  deposit  known  concentrations  of  analyte  onto  surfaces.  This  ability  will  aid  in 
the  accurate  and  reproducible  fabrication  of  test  panels  for  the  evaluation  of  hazard  detection 
systems. 
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Figure  4.  In  (a)  typical  absorbance  data  for  AN  demonstrating  an  absorbance  band  peak  centered 
at  303  nm  is  shown,  in  (b)  a  calibration  curve  for  AN  demonstrating  an  excellent  R2 
value  of  0.9995  is  shown. 
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3.2  Characterization  of  AN  Deposition  Onto  Substrates 


Using  the  jetting  system,  AN  was  jetted  onto  standard  Klarite  and  fabricated  SERS  substrates. 
Viewing  Klarite  samples  from  a  slight  angle,  it  is  observed  that  AN  typically  forms  “dome” 
shapes  across  the  surface  (figure  5).  In  figure  6,  example  SEM  images  of  AN  jetted  onto  a 
Klarite  and  fabricated  SERS  substrate  are  shown.  In  figure  6a,  an  example  printing  of  AN 
across  a  SERS  substrate  is  shown.  The  dark  spots  are  the  printed  AN,  the  lighter  surface  area  is 
the  SERS  active  Klarite  surface.  In  this  figure,  the  reproducible  and  precise  spacing  of  material 
across  the  surface  is  evident  in  the  straight  lines  of  the  printed  array.  In  figure  6b,  a  higher 
resolution  image  shows  the  AN  creating  a  film  across  the  features  of  the  SERS  substrate.  In 
figure  6d,  the  fabricated  SERS  substrate  is  shown.  This  substrate  has  both  active  and  non-active 
areas.  From  figure  6e,  AN  is  observed  to  set  up  differently  on  the  non  active  versus  the  active 
surface.  In  figure  6f,  an  example  of  a  typical  AN  droplet  on  the  SERS  active  surface  is  shown. 
When  comparing  figure  6c  and  d,  the  droplet  setup  on  the  surfaces  is  very  different.  This  may  in 
part  be  due  to  chemical  and/or  structural  interactions  between  the  analyte  and  the  surface. 


Figure  5.  Example  SEM  image  of  a  typical  AN  sample  as  deposited 
onto  a  surface.  Notice  the  dome  shape  of  the  AN  material 
in  this  image. 
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Figure  6.  In  (a  an  example  printing  of  AN  across  a  commercially  available  SERS  substrate  is  shown.  The 

dark  spots  are  the  printed  AN,  the  lighter  surface  area  is  the  SERS  active  Klarite  surface.  In  (b)  the 
active  and  non  active  SERS  surface  are  shown.  In  (c)  a  higher  resolution  image  a  typical  uniform 
AN  droplet  across  the  features  of  the  SERS  substrate  is  shown.  In  fd)  the  fabricated  SERS  substrate 
is  shown.  In  (e)  the  SERS  active  and  non  SERS  active  portions  of  the  substrate  are  shown.  The 
image  in  (f)  shows  a  single  AN  droplet  across  the  fabricated  substrate. 

3.3  Inkjetted  Sample  Uniformity  Characterization 

We  characterized  the  uniformity  of  the  printed  samples  by  collecting  Raman  and  SERS  spectra 
from  the  printed  Klarite  AN  samples.  The  Klarite  substrate  was  used  to  determine  the 
uniformity  of  the  printing,  because  it  has  been  previously  shown  to  be  reproducible  (structure 
and  overall  SERS  signal  enhancement)  batch-to-batch,  spot-to-spot,  and  substrate-to-substrate 
(82).  In  a  typical  AN  spectrum  collected  from  bulk  materials,  main  Raman  and  SERS  active 
bands  have  been  reported  to  be  located  at  or  around  713  cm”1  and  in  the  1043  to  1050  cm  1 
range  (NO3"  stretch  mode,  phase  dependent).  According  to  the  literature,  at  room  temperature, 
AN  crystal  is  expected  to  be  found  in  the  phase  IV  crystalline  polymorph,  the  most  stable  AN 
polymorph,  with  a  main  vibrational  band  for  the  NO3'  stretch  located  at  around  1043  cm”1.  For 
these  uniformity  experiments,  AN  solutions  producing  concentrations  of  1,  5,  and  10  pg/cm“ 
were  printed  onto  a  Klarite  substrate.  To  print  these  different  concentration  samples,  the  number 
of  drops  deposited  at  each  location  was  increased;  however,  all  other  inkjet  system  parameters 
were  kept  steady  (location,  spacing  between  droplets).  These  concentrations  were  selected  as 
they  represent  sample  concentrations  less  than  bulk  material,  but  still  exhibit  enough  printed 
material  to  “see”  an  array  “haze”  across  the  substrate.  The  AN  samples  were  deposited  and  then 
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allowed  to  dry  in  a  low  temperature  (~30  °C;  the  oven  contained  desiccant  to  reduce  humidity) 
oven  for  20  min  prior  to  Raman  and  SERS  measurement  being  collected. 

Figure  7a  shows  an  example  spectrum  from  AN  printed  onto  the  substrate  surface.  The  main 
AN  band  is  located  at  1048  cm-1.  This  was  not  expected  because  this  wavenumber  corresponds 
to  the  NO3'  stretch  mode  observed  with  phase  III  of  AN.  The  phase  HI  AN  polymorph  band  was 
observed  with  both  Raman  and  SERS  data.  This  reports  focuses  on  SERS  data  as  they  resulted 
in  the  largest  overall  signal  increase,  while  exhibiting  no  change  in  band  location  as  compared 
to  spontaneous  Raman.  Recall  that  the  SERS  active  substrate  has  small  features  across  it,  while 
the  Raman  portion  of  the  substrate  is  a  smooth  gold  surface.  For  Raman  measurements,  the 
smooth  surface  of  the  Klarite  chip  was  interrogated,  whereas  for  SERS  measurements  the 
patterned  grid  area  of  the  substrates  was  used.  The  same  testing  instrument  parameters/settings 
were  used  for  all  measurements.  The  data  indicated  that  the  AN  phase  being  observed  may  be 
partially  independent  of  substrate  architecture.  From  this  data,  we  hypothesize  that  the  sample 
deposition  methodology  (ink  jetting)  might  be  impacting  the  polymorphic  phases  being  set  up 
on  the  substrate  surface. 


Figure  7.  (a)  The  main  AN  band  located  at  1048  cm  1  for  the  SERS  and  Raman  data  and  (b)  S/N  ratios  for  AN 
deposited  at  concentrations  of  1,  5,  and  10  pg/cnr. 

3.4  Polymorphic  Phase  Change  with  Sample  Concentration 

To  further  investigate  how  the  sample  deposition  methodology  might  be  impacting  the 
polymorphic  phases  being  set  up  on  the  substrate  surface  as  related  to  sample  concentration, 
spectra  from  SERS  measurements  of  bulk  and  non-bulk  concentrations  of  deposited  AN  on  the 
Klarite  substrates  were  collected.  For  these  experiments,  three  different  solutions  of  AN  with 
concentrations  at  1.20M,  0.10M,  and  0.010M  were  deposited  in  the  same  manner  across  the 


12 


substrate  surface  (location,  number  of  drops,  spacing  between  drops  all  held  constant). 
Parameters  used  during  printing  were  such  that  the  final  AN  deposition  concentration  was 
350.00,  33.50,  and  1.7  pg/cm2  across  the  surface,  respectively.  These  concentrations  were 
independently  validated  by  UV-Vis  measurements  (data  not  shown),  and  have  been  previously 
discussed  (83).  Figure  8a  shows  examples  of  the  main  NOf  band  located  at  both 
1044  and  1048  cm" These  data  have  been  normalized  for  clarity.  In  figure  8b,  focusing  on  the 
1020  to  1070  cm" 1  spectral  region,  the  shift  of  the  AN  band  from  1044  cm-1  with  bulk  materials 
to  1048  cm  with  non-bulk  materials  is  observed.  In  this  figure,  the  350  pg/cm"  sample 
demonstrates  mixed  phase  characteristics  with  a  main  band  located  at  1044  cm-1  and  a  shoulder 
at  1048  cm  \  This  information  is  important  to  note  because  often  for  fabricating  substrate 
coupons  for  field  testing,  numerous  concentrations  ranging  from  bulk  to  trace  are  used.  If 
different  polymorphic  phases  are  being  observed,  it  is  necessary  to  ensure  that  accurate  spectral 
libraries  are  created  that  have  information  from  many  different  concentration  ranges.  Having 
observed  polymorphic  phases  in  printed  bulk  and  higher  concentration  AN,  we  were  curious 
how  trace  quantities  of  printed  AN  may  behave. 


Figure  8.  (a)  An  example  of  shifting  main  AN  N03’band  (normalized)  and  (b)  several  example  SERS 

spectrum  from  ammonium  nitrate  at  varying  concentrations  as  collected  on  the  Klarite  substrate. 
The  location  of  the  main  AN  bands  changes,  indicating  a  difference  in  phase  with  a  change  in 
material  concentration  from  bulk  to  non-bulk  material. 


3.5  AN  Polymorphic  Phase  Change  Observed  with  Substrate  Variation 

Having  characterized  a  change  in  AN  phase  with  concentration,  we  next  looked  at  how  the 
surface  of  the  Raman/SERS  substrate  may  impact  the  phases  being  observed.  For  these 
experiments,  AN  was  inkjetted  onto  the  Klarite  SERS  substrate  and  the  fabricated  SERS 
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substrate  following  the  same  conditions  at  the  same  time.  The  AN  was  jetted  at  a  25  pg/cm" 
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concentration  onto  the  substrate  surface.  Figure  9  shows  the  Raman  and  SERS  data  as  collected 
from  the  Klarite  and  fabricated  SERS  substrate.  (For  the  purpose  of  this  report,  no  discussion  of 
actual  SERS  enhancement  is  discussed,  instead  the  reader  should  focus  on  the  interesting 
change  in  phases  as  observed  with  the  different  substrates.)  In  figure  9a  and  b,  the  SERS  and 
Raman  data  on  the  Klarite  display  a  main  AN  band  located  at  1048  cm-1,  corresponding  with 
AN  phase  III.  Figure  9b  and  c  shows  the  SERS  and  Raman  data,  respectively,  on  the  fabricated 
SERS  substrate.  The  AN  band  for  the  fabricated  SERS  substrate  is  located  at  1044  cm  \ 
corresponding  with  phase  IV  AN.  Understanding  that  AN  can  display  different  phases 
depending  on  the  underlying  material  is  necessary  when  training  and  evaluating  standoff  hazard 
detection  systems.  This  is  also  of  interest  because  it  suggests  that  material  preparation  is  not  the 
only  aspect  that  can  impact  the  overall  AN  phase  observed. 


Figure.  9.  SERS  and  Raman  spectra  from  AN  sample  inkjetted  onto  substrates. 

The  Klarite  (a)  SERS  and  (b)  Raman  response  is  shown  with  a  main  AN 
band  located  at  1048  cnT1.  The  fabricated  substrate  has  (c)  SERS  and 
(d)  Raman  bands  located  at  1044  cnT1.  The  difference  in  band  location 
may  in  part  be  attributed  to  physical  and  chemical  interactions  between 
the  AN  and  the  surface. 
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4.  Conclusions 


When  fabricating  samples  for  evaluating  optical  detection  technologies  using  a  drop-on-demand 
inkjet  system,  the  potential  to  fabricate  samples  containing  multiple  polymorphic  phases  must 
be  considered.  This  is  vital,  because  a  hazard  detection  system  must  be  accurately  ‘  ‘trained’  ’  if 
it  is  to  detect  and  identify  multiple  polymorphic  states  of  materials  based  on  spectral  features, 
thus  accurately  differentiating  between  hazardous  and  benign  unknowns. 

In  this  report,  the  impact  of  deposited  AN  at  various  concentrations  and  onto  different  substrate 
bases  was  investigated.  From  these  efforts,  we  have  made  some  interesting  observations.  First, 
the  concentration  of  material  deposited  seems  to  impact  the  AN  polymorphic  phase  observed. 
Specifically,  this  was  demonstrated  when  AN  was  deposited  onto  a  commercial  Klarite 
substrate  at  concentrations  of  350  and  1.7  pg/cnT — the  former  demonstrated  the  phase  IV 
polymorph  while  the  latter  exhibited  phase  III.  In  this  work,  we  also  observed  that  deposited  the 
same  concentration  of  material  onto  different  substrate  architectures  (commercial  and  fabricated 
SERS  substrates)  also  impacts  the  AN  phase  (perhaps  due  to  structural  and  chemical 
interactions). 

Based  on  this  work,  we  will  continue  to  investigate  the  influence  of  substrate  handling,  sample 
preparation  methods,  and  substrate  material  on  energetic  sample  phases.  To  achieve  this  goal, 
we  are  looking  at  pure  AN  on  several  substrate  types  including  metals,  plastics,  cloth,  and 
biological  samples  at  various  concentrations.  We  also  intend  to  investigate  if  different 
vendors/sources  of  AN  may  influence  the  phases  observed  in  jetted  materials. 

Understanding  how  energetic  material  samples  interact  with  many  common  factors  (material, 
environmental  conditions,  even  concentration)  may  lead  to  a  better  ability  to  fabricate  real- 
world  sample  materials,  result  in  a  more  accurate  training  and  evaluation  of  standoff  hazard 
detection  systems,  and  ultimately,  improve  the  ability  to  keep  U.S.  Army  and  other  military 
personal  protected. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


AN 

ammonium  nitrate 

ARL 

U.S.  Army  Research  Laboratory 

ARO 

U.S.  Army  Research  office 

CCD 

charge-coupled  device 

DIPS 

direct  imprinting  of  porous  substrates 

HME 

Homemade  explosive 

HPLC 

high  performance  liquid  chromatography 

IED 

improvised  explosive  device 

PECASE 

Presidential  Early  Center  Award  for  Scientists  and  Engineers 

P-NPG 

patterned  nanoporous  gold 

RSD 

relative  standard  deviation 

SEM 

scanning  electron  microscope 

SERS 

surface  enhanced  Raman  scattering 

UV 

ultraviolet 

VIS 

visible 
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